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Optically transparent cellulose nanopaper is a promising candidate for flexible 
device substrates because they are lightweight and have, a smooth surface, and high 
dimensional stability against temperature. However, the moisture and thermal 
resistance should be improved, while maintaining high transparency for application. 
In a transparent polymer composite reinforced with cellulose nanofibers, these 
properties were improved by cellulose acetylation, which were fabricated by starting 
from acetylated pulps or rinsing acetylated nanofiber film with water. However, 
these acetylation procedures reduce the transparency of cellulose nanopaper because 
the hydrophobic nature of acetyl groups produce inhomogeneous aggregations of 
cellulose nanofibers, which cause light scattering. Therefore, we propose a new 
procedure of acetylated cellulose nanopaper by rinsing with low polarity solvents 
such as toluene. Obtained acetylated cellulose nanopaper shows improved moisture 
and thermal resistance, and maintains optical transparency. The moisture and 
thermal resistance increase with the degree of acetyl group substitutions. The total 
transmittance, haze, crystallinity, coefficient of thermal expansions, dielectric 
constant, and dielectric loss are constant for varying DSs. These findings promote 
the application of transparent cellulose nanopaper in flexible device substrates. 
 
Introduction 
Cellulose nanopaper contains only cellulose nanofibers, which were isolated 
from plant cell walls. Because cellulose nanofibers are densely packed, the 
nanopaper has a high optical transparency and smooth surface [1, 2]. The nanopaper 
exhibited a low coefficient of thermal expansion (CTE) similar to that of glass, and a 
higher thermal durability and dielectric constant than those of most plastics because 
of the high mechanical properties of cellulose nanofibers [1–4]. Moreover, the 
nanopaper was still lightweight and maintained a high foldability similar to 
conventional paper. Given these advantages, flexible electronics using cellulose 
nanopaper have been reported, such as transparent electrodes, organic solar cells, 
transistors, antenna, and memory [4–13]. Therefore, transparent cellulose 
nanopaper is a promising substrates for future flexible devices. 
When we look at applications of transparent nanopaper in flexible devices, the 
hygroscopicity and thermal resistivity are big drawbacks during manufacturing and 
use. To overcome these problems, the properties of cellulose nanopaper have been 
evaluated in device applications [2, 14, 15]. When cellulose nanopaper was heated to 
over 150 °C in air, the optical transparency was more stable than those of common 
plastics such as a polyethylene terephthalate film [2, 15]. When the cellulose 
nanopaper was exposed to 85 °C and a humidity of 85%, conductive lines printed on 
them maintained a high conductivity for at least 1000 h [14]. Furthermore, Shimizu 
et al., reported that the water-resistance of cellulose nanopaper was improved, while 
maintaining high optical transparency, by ion-exchange treatments [16, 17]. 
However, these studies have individually discussed the moisture or thermal 
durability, but not the hygroscopicity, thermal durability, and high optical 
transparency. When the transparent nanopaper obtain these properties, the 
manufacturing process and the applications in the flexible devices will be more 
attractive. Moreover, the device performance and reliability will improve. Therefore, 
the improvement of moisture and thermal resistance in nanopaper, while 
maintaining a high optical transparency, is one of the most important topics for 
future flexible devices. 
Acetylation, where the hydroxyl groups of cellulose are replaced by less 
hydrophilic acetyl groups, is widely used for the improvement of moisture and 
thermal resistance of cellulose nanofiber materials [18-22]. There are two 
approaches to fabricate acetylated cellulose nanofiber films. First, cellulose 
nanofibers are mechanically nanofibrillated from acetylated microsized cellulose 
pulp fibers, and cellulose nanofiber films are fabricated using the acetylated 
nanofibers [23]. Second, a cellulose nanofiber film is obtained using native cellulose 
nanofibers, and then acetylated [19, 20]. These acetylated cellulose nanofiber films 
were opaque because they contain air cavities causing a mismatch of refractive 
indexes and light scattering [24, 25]. When the acetylated films were impregnated 
with transparent polymer, obtained composites showed a high transparency because 
the refractive index mismatches were suppressed. These transparent composites 
reinforced with acetylated nanofibers exhibited higher moisture and thermal 
resistance compared with the composites reinforced with native cellulose nanofiber 
[19, 20]. 
Because the cellulose nanopaper does not contain air cavities, they were highly 
optical transparent without the impregnation of any polymers [1, 2]. The 
transparency enhancement is different from that in nanofiber-polymer composites. 
Therefore, another acetylation process should be developed for the transparent 
cellulose nanopaper to improve the moisture and thermal resistance, while 
maintaining high optical transparency. In this study, we propose an acetylation 
process for transparent cellulose nanopaper and evaluate the properties depending 
on the degree of substitution (DS) of acetyl groups. 
 
Experimental 
Cellulose pulp, nanofibrillation, and nanopaper fabrication  
Holocellulose pulps were prepared from wood chips of Japanese cedar 
(Cryptomeria japonica). The procedure is summarized as follows. Wood chips (40 g) 
were dewaxed by stirring in an acetone/water mixture (900 mL:100 mL) at room 
temperature overnight. The chips were delignified by heating in an acetic 
anhydride/hydrogen peroxide mixture (500 mL:500 mL) at 90 °C for 2 h. 
The cellulose pulps were disintegrated using a water-jet nanofibrillation. In this 
system, a 0.5 wt% pulp water dispersion of 2000 g was homogenized using a high-
pressure water-jet system (Star Burst, HJP-25005 E, Sugino Machine Co., Ltd.) 
equipped with a ball-collision chamber. The slurry was ejected from a small nozzle 
with a diameter of 0.17 mm under a high pressure of 245 MPa. The water dispersions 
were passed through this nozzle up to 50 times. Cellulose nanofiber/water 
dispersions were condensed to 0.8 wt% using an evaporator. The dispersions were 
dropped onto an acrylic plate and oven-dried at 50 °C overnight. After drying, a 
transparent 40-μm thick nanopaper was obtained. 
Acetylation 
The nanopaper (70 × 70 mm) was dehydrated by acetone and placed in a Petri 
dish containing a mixture of 40 mL of acetic acid, 50 mL of toluene, and 0.25 mL of 
60% perchloric acid. The desired amount of acetic anhydride (3, 5, or 10 mL) was 
added with stirring. The mixture was allowed to stand for 1 or 3.5 h at room 
temperature. After acetylation, the samples were washed thoroughly with water, 
methanol, ethanol, toluene, or isopropanol. Because of the addition of toluene as a 
poor solvent into the acetylation reaction system, cellulose nanofiber shapes were 
retained, even in the high-DS sample, although cellulose acetate fibers were 
dissolved in acetic acid at the surface [20]. 
DS of acetylated nanopaper  
To determine the DS of acetylated nanopaper, a calibration curve was prepared 
by back titration and Fourier transform infrared (FTIR) spectroscopy of acetylated 
softwood dissolving sulfite pulps [18, 20, 22]. The back titration was performed as 
follows. Acetylated cellulose pulp of 0.1 g was placed into 40 mL of 75% aqueous 
ethanol, and then heated at 50–60 °C for 30 min to promote swelling of the material. 
A 40-mL 0.5 N NaOH solution, accurately measured, was added to the sample. The 
mixture was stirred at 50–60 °C for 30 min and then stirred at room temperature for 
60 min. The excess alkali was titrated with 0.5 N HCl using phenolphthalein as an 
indicator. Infrared spectra of the acetylated samples were measured with an FTIR 
spectrometer (Frontier TN, Perkin-Elmer Japan Co., Ltd) equipped with an ATR 
attachment (Universal ATR, Perkin-Elmer Japan Co., Ltd). All the spectra were 
obtained by an accumulation of four scans at a resolution of 4 cm−1 in the range 400–
4000 cm−1. The peak intensity at around 1730 cm−1 was recorded after these spectra 
were normalized by an absorption band at 1428 cm−1 derived from the cellulose main 
chain. From these results, a calibration curve DS = 0.0756A -0.0409 (r2 = 0.9921) was 
determined (figure 1). The DS of acetylated nanopaper was derived from the peak 
intensity at around 1730 cm−1 and the calibration curve. 
Characterizations 
Total transmittance and haze were measured using a haze meter (HZ-V3, Suga 
Test Instruments Co., Ltd.). Even transparent materials without any light 
absorption suffer reduced transparency because of light scattering. This light 
scattering is called haze.  
The measurements of moisture content were as follows. Samples were treated 
for 3 d at 55% relative humidity and 20 °C with a saturated aqueous solution of 
Mg(NO3)2. The sample was oven-dried at 105 °C for 24 h, and the moisture content 
was determined from the oven-dried weight.  
Contact angle formed by a distilled water droplet after 20 s of impact on the 
nanopaper was measured using a contact angle analyzer (Drop Master 300, Kyowa 
Interface Science Co. Ltd.). Using 2-μL water droplets, five sets of measurements 
were performed at different locations on the nanopaper and averaged.  
X-Ray diffraction (XRD) patterns were recorded using a Rigaku MiniFlex600 
with Cu-Kα radiation and a scanning angle (2θ) range of 5–40° at 40 kV voltage and 
15 mA current. The crystallinity index of cellulose I was calculated from the (200) 
reflection (2θ = ca. 22.6°) as previously described [26].  
The CTE was measured using a thermomechanical analyzer (TMA/SS6100, SII 
Nanotechnology Inc.). The CTE values were determined as the mean values at 20–
150 °C in the second run.  
The dielectric properties were measured using an impedance analyzer (E5071C; 
Agilent Technologies, Inc.) with a split post dielectric resonator (QWED) at 1.1 GHz. 
Prior to measurement, samples were stored in a humidity chamber (SH-641; ESPEC 
Co., Ltd.) at 23 °C and 50% relative humidity overnight.  
The yellowness index (YI) was measured by a color meter (ZE 6000, Nippon 
Denshoku Industries Co., Ltd.). When the nanopaper was heated, the appearance 
changes from colorless transparent to yellow transparent. The discoloration is 
described using the differential YI (ΔYI), which is the color change before and after 
heating. 
 
Results and Discussion 
The cellulose nanopaper was fabricated by drying the cellulose nanofiber/water 
dispersions, which were mechanically nanofibrillated pulp fibers. When the 
holocellulose pulp/water dispersions were repeatedly nanofibrillated 50 times, those 
at 0.1 wt% showed a high transmittance of 88.7%, and a high transparent cellulose 
nanopaper with 9% haze was obtained after drying the dispersion (figure 2a). They 
were expected transmittance at 0.1 wt% dispersion and expected haze at 40-μm thick 
nanopaper. 
At first, we tried to fabricate acetylated transparent nanopaper from acetylated 
pulp fibers. When the acetylated holocellulose pulp/water dispersions were 
mechanically nanofibrillated 50 times, the 0.1 wt% dispersions were turbid and their 
transmittance was only 16.2%. Increasing the mechanical nanofibrillation cycles 
disintegrated the pulp fibers into nanofibers [26]. Because the low transparent 
dispersion created a high haze transparent nanopaper, the nanofibrillation process 
was increased to 100 times. However, after 100 times nanofibrillation, acetylated 
cellulose nanofibers were difficult to disperse into the water homogeneously because 
of their hydrophobic nature. Thus, the transmittance of acetylated nanofiber/water 
dispersions was only 39.0%, and the dried film of nanopaper was translucent with a 
high haze of 84% (figure 2b). 
Second, we tried to fabricate the acetylated transparent cellulose nanopaper by 
the acetylation of transparent cellulose nanopaper. The transparent cellulose 
nanofibers from native cellulose nanofiber were densely packed by hydrogen bonding 
inside the nanopaper. Therefore, the nanopaper maintained high optical 
transparency during immersion into the reagents of acetic acid and toluene. However, 
when the acetylated nanopaper was immersed into distilled water to rinse the 
reagents, the acetylated nanopaper became translucent within 20–30 s. After drying 
this rinsed nanopaper, the transparency did not recover to the original haze value, 
which doubled from 9% to 18% (figure 2c). The transparency loss was induced by 
water swelling of cellulose in the nanopaper, which created cavities and caused the 
light to scatter. When the acetylated nanopaper without rinsing or with an 
insufficient water rinsing were dried, the nanopaper became yellow and brown 
transparent because of the residual reagents. Thus, the reacted nanopaper were 
rinsed with ethanol, methanol, isopropanol, or toluene to maintain dense 
aggregations between cellulose nanofibers during the rinsing (figure 2d–g). During 
the rinsing and after drying, the nanopaper showed high optical transparency 
because of a low polarity. Acetylated nanopaper rinsed with toluene exhibited the 
lowest haze of 10.5%. Nanopaper from acetylated pulp fibers or acetylated nanopaper 
rinsed with water lost transparency. However, when the rinsing agent was changed 
from water to low polarity solvents, acetylated nanopaper with high transparency 
was successfully obtained. 
The properties of acetylated cellulose were evaluated for varying DSs by 
adjusting the amount of acetic anhydride and reaction time [18, 20]. When a cellulose 
nanopaper of 70 × 70 mm square and 40-µm thickness was treated with acetic 
anhydride of 3 mL and other reagents for 1 h, a DS of 0.36 was obtained. Increasing 
of the anhydride amount or the time increased the DS from 0.36 to 0.50, 1.13, or 1.29. 
In the transparent polymer composites reinforced with cellulose nanofibers, the 
transparency was increased by the small refractive index gaps between polymer 
matrix and the cellulose nanofibers [25]. Increasing the DS of acetylation decreased 
the refractive index of cellulose nanofibers. For example, when the polymer with a 
lower refractive index than native cellulose was reinforced with acetylated cellulose 
nanofibers, the increasing DS showed a refractive index of nanofibers similar to that 
of polymer, and the composites obtained a high transparency [20]. However, 
increasing the DS further decreased the transparency of composites because the 
refractive index of acetylated nanofiber became lower than that of the matrix 
polymer [20]. The transparency of acetylated nanofiber composites depends on the 
DS of cellulose nanofibers. However, cellulose nanopaper contains only cellulose 
nanofibers without any polymer. Thus, the total transmittance was constant around 
90% for all the DSs of cellulose nanofibers (figure 3a). Moreover, the hazes of 
acetylated nanopapers were constant around 8–10% for various DSs from 0.36 to 
1.29 (figure 3b). The haze was produced by light scattering inside or at the surface 
of the transparent nanopaper [2]. Therefore, the acetylation procedure maintained 
homogeneous nanofiber aggregations and surface smoothness in the cellulose 
nanopaper. 
Cellulose and cellulose nanofibers are highly hygroscopic materials, and the 
hygroscopicity can be reduced by acetylation. For example, when hardwood bleached 
kraft pulps were acetylated, the moisture content was linearly decreased from 5.9 
wt% at DS = 0 to 3.1 wt% at DS = 1.9 (figure 4). As previously shown in polymer 
composites reinforced with acetylated cellulose nanofibers, low acetylation less than 
DS = 0.56 decreased the hygroscopicity, but excessive acetylation over DS = 0.56 
increased it [20]. However, the moisture content of transparent nanopaper was 
linearly decreased until DS = 1.29, which was similar to that of acetylated pulp fibers. 
When the DS was 1.29, the moisture absorption was about 30% lower than that of 
native cellulose nanopaper. The transparent nanopaper in this study was fabricated 
using holocellulose pulps, which contained cellulose and hemicellulose. Given the 
higher hygroscopicity of hemicellulose than cellulose, the transparent nanopaper 
exhibited larger moisture contents than hardwood bleached kraft pulps. When the 
hemicellulose was reduced by alkali treatment, the hygroscopicity was drastically 
decreased, and a high optical transparency was maintained [27]. 
These results show that acetylated nanopaper enhanced hydrophobicity with 
increasing DS. Therefore, a water droplet on the higher DS acetylated nanopaper 
provided a larger contact angle (figure 5). For example, the contact angle was 70° on 
the acetylated nanopaper with DS = 1.29. In the fabrication of flexible devices, 
patterns are often inkjet printed with conductive inks. After printing and sintering, 
the ink droplets with high contact angles became a sharp and narrow conductive 
pattern with a high electric conductivity [28, 29]. Therefore, acetylated nanopapers 
with a high DS have a high potential for future flexible device substrates because 
fine conductive patterns can be printed on them. 
A high thermal resistance of transparent cellulose nanopaper is one of the 
advantages for flexible device substrate applications. As shown in a previous study, 
the clear transparency in a polyethylene terephthalate film was lost by heating to 
150 °C in air, but the cellulose nanopaper retained a clear transparency [2]. In this 
study, the thermal stability of color change was evaluated by ΔYI, which is a number 
calculated from spectrophotometric data that describes the change in color of a test 
sample from clear or white to yellow. When a cellophane film was heated at 200 °C 
in air, its ΔYI reached 15 within 10 min. However, the transparent cellulose 
nanopaper without acetylation needed 20 min for ΔYI = 15 (figure 6). The acetylation 
of cellulose improved thermal stability because of the protection of the hydroxyl 
groups in cellulose [22]. Therefore, the duration for reaching a ΔYI of 15 was 
extended to 40 min in the acetylated cellulose nanopaper with DS = 0.50, and 60 min 
in the nanopaper with DSs = 1.13 and 1.29. The low-temperature processes for 
flexible devices have been developed by printed electronics; however, a higher 
temperature increases the device performance. Therefore, the acetylation of 
transparent nanopaper will contribute to flexible device processing. 
Transparent cellulose nanopaper have other advantages for flexible device 
substrates such as low CTE and a high dielectric constant. Given the high 
crystallinity of cellulose nanopaper, non-acetylated cellulose nanopaper has a low 
CTE of 8.0 ppm/K, which is as low as glass, and a high dielectric constant of 6.9, 
which is as high as polyvinylidene difluoride. Because the transparent cellulose 
nanopaper were surface acetylated in this study, all the acetylated nanopapers 
maintained a high crystallinity, which was as high as the native cellulose nanopaper 
(figure 7a). Therefore, the acetylated cellulose nanopaper maintained CTEs of 8.0–
11.1 ppm/K, high dielectric constants of 5.6–6.9, dielectric losses of 0.17–0.26 for the 
various DSs of 0.36–1.29 (figure 7b–d). These properties allow for application as a 
downsized antenna for use in wearable wireless communications and a high-mobility 
organic thin film transistor array following a similar process to that used for an array 
on conventional glass [4, 8]. The material properties of transparent cellulose 
nanopaper, acetylated cellulose nanopaper, and other transparent polymers are 
presented in the supporting information (table S1). These results encourage further 




In this study, we improve the moisture and thermal resistance of cellulose 
nanopaper, while maintaining optical transparency. An optically transparent 
cellulose nanopaper was surface acetylated, and rinsed with low polarity solvents. 
The acetylated cellulose nanopaper decreased moisture absorption under 55% RH at 
20 °C, improved heat resistance against 200 °C in air, and maintained high optical 
transparency, low haze, high crystallinity, low coefficient of thermal expansion, and 
a high dielectric constant. A higher degree of substitution in acetylated cellulose 
nanopaper improved moisture and thermal resistance. The acetylation of 
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Figure 1. Calibration curve to determine the degree of substitution from the FTIR 
peak intensity. 
 
Figure 2. Hazes of cellulose nanopaper from holocellulose pulps (a) and acetylated 
holocellulose pulps (b). Hazes of acetylated cellulose nanopaper rinsed with water (c), 
ethanol (d), methanol (e), isopropanol (f), or toluene (g). 
a b  
Figure 3. Total transmittance (a) and haze (b) of acetylated cellulose nanopaper for 
various degrees of substitution. 
 
Figure 4. Moisture contents of acetylated cellulose nanopaper from holocellulose 
pulps (filled circles) and hardwood bleached kraft pulps (unfilled circles) under 55% 
relative humidity and 20 °C. 
 
 




Figure 6. Differential yellowness index (ΔYI) curves of nanopaper at 200 °C in air. 
Transparent cellulose nanopaper with DS=0 (a), DS=0.36 (b), DS=0.5 (c), DS=1.13 
(d), DS=1.29 (e), and cellophane film (f).  
 
a)  b)  
c)  d)  
Figure 7. Physical properties of acetylated transparent cellulose nanopaper for 
various degrees of substitution. X-ray diffraction profiles (a), coefficients of thermal 
expansion (CTE) (b), dielectric constant (c), and dielectric loss (tan δ) (d). 
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7.8 9.2 56.7 8.0 6.9 20 
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PET *4 7.3 0.4 74.6 26.6 3.1 > 120 
Polyimide *5 4.0 0.6 74.3 24.6 3.4 > 120 
 
 
*1 : PT#300, Rengo Co., Ltd 
*2 : in the flow direction 
*3 : in the transverse direction 
*4 : Teijin Tetoron Film G2, Teijin DuPont Films Japan Limited 
*5 : Kapton 300H, Du Pont-Toray Co., Ltd 
 
 
